A single cyanobacterial primary endosymbiosis that occurred approximately 1.5 billion years ago [1] [2] [3] is believed to have given rise to the plastid in the common ancestor of the Plantae or Archaeplastida-the eukaryotic supergroup comprising red, green (including land plants), and glaucophyte algae [4] [5] [6] [7] [8] . Critical to plastid establishment was the transfer of endosymbiont genes to the host nucleus (i.e., endosymbiotic gene transfer [EGT]) [9, 10] . It has been postulated that plastid-derived EGT played a significant role in plant nuclear-genome evolution, with 18% (or 4,500) of all nuclear genes in Arabidopsis thaliana having a cyanobacterial origin with about one-half of these recruited for nonplastid functions [11] . Here, we determine whether the level of cyanobacterial gene recruitment proposed for Arabidopsis is of the same magnitude in the algal sisters of plants by analyzing expressed-sequence tag (EST) data from the glaucophyte alga Cyanophora paradoxa. Bioinformatic analysis of 3,576 Cyanophora nuclear genes shows that 10.8% of these with significant database hits are of cyanobacterial origin and one-ninth of these have nonplastid functions. Our data indicate that unlike plants, early-diverging algal groups appear to retain a smaller number of endosymbiont genes in their nucleus, with only a minor proportion of these recruited for nonplastid functions.
Results and Discussion
Several characteristics make Cyanophora an ideal Plantae model to study ancient plastid-derived endosymbiotic gene transfer (EGT). This alga retains ancestral cyanobacterial features in its plastid (often referred to as the cyanelle), such as peptidoglycan between the two organelle membranes, concentric (unstacked) thylakoids, and carboxysomes. The host cell is a mesophilic obligate autotroph with a ''typical'' genome size for freeliving protists (circa 140 Mbp [12] ), suggesting that Cyanophora has not undergone a recent genome reduction because of a parasitic life-style or extremophily. Although glaucophytes are relatively depauperate with respect to taxon richness (only eight genera with 23 species are known [13] ) in comparison to their red and green algal (plant) sisters, because of their ancestral plastid features they are often considered to be ''living fossils'' of the algal world [14] .
To assess plastid-derived EGT, we generated 11,176 expressed-sequence tags (ESTs; 3 0 single-pass reads) from a normalized Cyanophora cDNA library. The exponentially dividing culture was grown under nutrientreplete light conditions. Assembly and clustering of these data resulted in 9,714 high-quality sequences and 3,576 unique genes. Using BLAST, we found significant hits in GenBank (E value cutoff < 10 210 ) to annotated or conserved hypothetical proteins for 1,226 Cyanophora genes. To determine whether there was a sampling bias in our approach to EST collection in Cyanophora with respect to the distribution of the encoded proteins in different cellular compartments, we placed the 1,226 genes among gene ontology (GO) categories [15] . A total of 446 Cyanophora genes could be assigned to the cell, intracellular, and cytoplasm subcategories within the cellular-component category, and these results were compared to equivalent analyses using Arabidopsis (2,843/32,719 of total genes assigned [16] ), the diatom Thalassiosira pseudonana (331/5,002 of total genes assigned [17]), and the green alga Chlamydomonas reinhardtii (465/6,627 of total genes assigned [18] ). The results of this analysis suggest that our EST collection does not significantly over-or undersample particular cellular-component categories (Figure 1) . Therefore, given the number of predicted genes in other free-living, mesophilic algae (e.g., circa 11,242 genes in Thalassiosira [19] and circa 15,200 genes in Chlamydomonas [18]), the unigene set in Cyanophora (3,576 sequences) corresponds, assuming a total gene number between 12,000 and 15,000 in this species, to a representative collection of 24%-30% of the gene repertoire.
To identify genes of cyanobacterial origin in Cyanophora, we performed the BLAST search with the 1,226 genes against a local database of all available (17 at the time of writing) complete cyanobacterial genomes (Table S1 in the Supplemental Data available online). This analysis returned 603 (49%) glaucophyte genes with a significant hit to at least one cyanobacterium. This gene set was analyzed in a phylogenomic approach [20] by using a local reference database (see Table S1 ) of the 17 cyanobacterial, eight diverse eubacterial, two archaeal, five algal/plant (i.e., Plantae), three animal, and three fungal genomes. We examined the 546 resulting neighbor-joining protein-bootstrap trees (Poissoncorrected distance matrices) to identify the topologies that demonstrated weak to moderate (> 60%) or strong bootstrap support for the grouping of Cyanophora with one or more cyanobacterial species or included *Correspondence: debashi-bhattacharya@uiowa.eduCyanophora with other members of the Plantae (i.e., Arabidopsis, Oryza, Chlamydomonas, Cyanidioschyzon, Galdieria). The remaining 57 genes did not return trees when we used the default BLAST and multiplealignment values that were implemented in the phylogenomic analysis. Trees inferred from proteins conserved across all domains (e.g., ribosomal proteins) that included non-Plantae and/or noncyanobacterial prokaryotes were carefully scrutinized with maximum likelihood (ML) bootstrap analysis of more taxon-rich data sets (i.e., that included nonreference genomes and all significant hits in GenBank and other genome databases) to determine gene origin in the glaucophyte. The final list derived from phylogenomics contains 95 Cyanophora trees (genes) with moderate to strong (>70%) bootstrap support for a cyanobacterial gene origin (i.e., 7.7% of the annotated sequences). These proteins were each analyzed in-depth as described above to verify the cyanobacterial ancestry. The protein alignments are available upon request from D.B.
In parallel, we did a BLASTX analysis of the 1,226 Cyanophora genes (E value cutoff < 10 210 ) against the nonredundant GenBank database to identify sequences with at least four cyanobacterial homologs among the top five hits. Genes with a significant BLAST hit against a single cyanobacterium were also retained. This approach identified 118 genes of cyanobacterial origin in Cyanophora. The combined comprehensive BLAST and phylogenomic analyses returned 132 cyanobacterial genes in Cyanophora, corresponding to 10.8% of the 1,226 annotated gene set ( Figure 2 ). False negatives were minimized by using our approach. Because of their short length (< 70 amino acids), we found 37/132 of the proteins through BLAST but not phylogenomics. In contrast 14/132 proteins were found through phylogenomics but were missed by BLAST because they did not satisfy the criteria of 4/5 top hits to cyanobacteria. However, in the latter case, all protein trees with multiple taxa that included Plantae or other algal lineages (chromalveolates, chlorarachniophytes) were sisters to cyanobacteria. To The distribution of 1,226 annotated Cyanophora genes in GO categories is compared with an equivalent analysis of genome data from Arabidopsis thaliana, Chlamydomonas reinhardtii, and Thalassiosira pseudonana. The comparable relative proportions of genes in each category in these photosynthetic eukaryotes suggest the absence of an obvious sampling bias in the Cyanophora EST data.
address the possibility of gene redundancy due to the existence of gene families, we did a similarity analysis of the 3 0 -UTR of each EST cluster corresponding to the 132 identified genes. This analysis shows that only eight genes (based on 1%-3% DNA-sequence difference) are potential members of a gene family. When this liberal criterion is used, the average size among the 132 genes is 1.1 genes/family (see Table S2 ).
We determined the putative cellular location of the 132 proteins of cyanobacterial origin in Cyanophora by using Predotar V1.03 [21] and TargetP V1.1 [22] . We identified an N-terminal extension in 13 Cyanophora proteins (see Table S2 ). For other proteins, the most closely related homologs in Arabidopsis (or Oryza sativa when the Arabidopsis gene was not available) were used as proxies to infer the cellular target. This approach showed that 101/132 proteins (76.6%) contain a plastid-targeting signal (identified by both Predotar and TargetP in most cases; see Table S2 for list of probabilities). Additionally, 19 proteins in Cyanophora lacked the N terminus but had plastid-genome-encoded homologs in red or green algae (including land plants, e.g., dark-operative protochlorophyllide reductase [DPOR] b subunit) or were present only in cyanobacteria (e.g., porphobilinogen deaminase [PBGD]), and their annotation clearly indicated a plastid function (see Table S2 for details). The grand total of 120 (101 + 19) cyanobacterial-derived, plastid-targeted proteins in Cyanophora are, as expected, involved in photosynthetic functions (e.g., chlorophyll synthesis, core photosystem or phycobilisome components, electron transport), plastid metabolism (e.g., oxidative stress, amino acid synthesis, lipid processing), plastid maintenance (e.g., peptide processing, organelle division), and transcription and protein translation (Table S2 ). In contrast, 12 Cyanophora proteins that lack an N-terminal extension have potential nonplastid functions. The predicted targets of the Arabidopsis homologs indicate that one of these encodes a hypothetical protein that is likely targeted to the mitochondrion, whereas four proteins with plant homologs have unclear targeting predictions. For one protein, 6-phosphogluconate-dehydrogenase Arabidopsis homologs have been reported both as cytosolic and plastid targeted. The remaining six proteins (e.g., glucokinase) are involved in apparent nonplastid functions (see Table  S2 ). These estimates need to be verified by using complete gene sequences from Cyanophora as well as a target-prediction program that is trained with data from this species.
We compared the number of genes of cyanobacterial origin in Cyanophora with data from other algae and plants. However, the existing analyses of the number and origin of plastid-targeted proteins (of cyanobacterial or other origin) in Arabidopsis and in other taxa are difficult to compare directly with each other and to our data because of significant differences in the computational approach and the reference genomes that were included in the analysis. The most up-to-date bioinformatic prediction suggests that there are 4,458 plastidtargeted proteins in Arabidopsis [23] . In a prior study, Richly and Leister [24] , using BLAST and exhaustive protein targeting analyses, found that out of a total of 2,261 predicted or known plastid-proteins in Arabidopsis, 880 have cyanobacterial homologs with roles primarily in metabolism, bioenergetics, and transcription. Moreover, it is estimated that out of 857 plastid-targeted proteins of cyanobacterial ancestry that are shared between Arabidopsis and Oryza, circa 650 constitute the minimal core set of endosymbiotic proteins required for angiosperm plastid function [24] . The remainder of the plastid proteome is derived from the host, the protomitochondrial genome, or lateral gene transfers. And finally, a recent similarity analysis that was used to identify groups of homologous proteins from a diverse set of genomes (homolog-group method) and to identify the proteins shared between Plantae and nine diverse cyanobacteria (i.e., phylogenetic profiling), suggested that there is a total of 1,192 genes of cyanobacterial origin in Arabidopsis and 676 genes in the thermoacidophilic red alga, Cyanidioschyzon merolae, respectively [25] . It should be noted that although the genome of Cyanidioschyzon is highly reduced (16.5 Mbp, 5,331 predicted genes) as a result of its extreme lifestyle, this alga is a free-living obligate autotroph [26] and therefore likely retains the core set of cyanobacterial genes involved in photosynthetic functions and plastid maintenance. Therefore, although presently unsubstantiated, the Figure 
Summary of Phylogenomic and Similarity Approaches to Detect EGT in Cyanophora paradoxa
Our strategy for identifying genes of cyanobacterial-EGT origin within 3,576 Cyanophora unigenes relies on a dual phylogenomic and similarity strategy to maximize accuracy. Detailed phylogenetic analysis of all candidate genes resulted in a final count of 132 cyanobacterial-derived genes (3.7% of the total number of sequences) in Cyanophora, with 81 (shared) of these identified through both methods, whereas 14 were found exclusively through phylogenomics (trees) and 37 were found exclusively through the BLAST search (hits). available data suggest that Arabidopsis contains at least 1,192 nuclear genes of cyanobacterial origin [25] , with this number going up to the extrapolated value of 4,500 according to Martin et al. [11] .
The Cyanophora data provide two key insights with regard to plastid-derived EGT. The first is that given 132/3,576 (3.7%) for the unambiguous cyanobacterial contribution and 12,000-15,000 genes in Cyanophora, a minimum of 444-555 genes can be traced back to the plastid endosymbiont. Comparison of the 132 genes in Cyanophora with other photosynthetic taxa shows that the vast majority of these sequences are common to Arabidopsis (103), Chlamydomonas (107), and Cyanidioschyzon (109), demonstrating their ancient cyanobacterial provenance in the Plantae (Table S2) . If, however, we take the approach of Martin et al. [11] and consider that there is likely to be an equal number of undetected genes in Cyanophora of cyanobacterial origin as those identified with a BLAST E value cutoff < 10 210 , then by extrapolation 10.8% (132/1,226) of all Cyanophora genes (i.e., 1,296-1,620; or circa 1,500) have arisen through EGT. This extrapolation is based on the known tendency of phylogenetic methods to fail as sequence divergence rises within an alignment [11, 27] . Given this bias toward underestimation, it is also very likely that the values of 1,192 and 676 genes [25] represent minimal estimates for cyanobacterial EGT in Arabidopsis and Cyanidioschyzon, respectively.
Given the estimate based on extrapolation of approximately 1,500 anciently transferred cyanobacterial genes in Cyanophora, we still have to account for the large difference with this number in Arabidopsis (circa 4,500). This disparity may be explained in two ways. The first is that although Martin et al. [11] had three evolutionarily diverse cyanobacteria (Nostoc, Prochlorococcus, Synechocystis) in their analysis (as well as 11 other Eubacteria and four Archaea), they were limited with respect to the eukaryotic data with only yeast in addition to Arabidopsis. This genome data set turned up 1,700 cyanobacterial genes out of a total of 9,368 (i.e., circa 18%) that had significant BLAST hits (E value cutoff < 10 210 ). If the inclusion of additional eukaryotic (in particular Plantae) genomes were to increase disproportionately the size of the gene set with significant noncyanobacterial BLAST hits in Arabidopsis, then the percent cyanobacterial contribution in the genome would diminish in size. For example, an earlier analysis of Arabidopsis genes in comparison to all available sequence data showed that 17,833 could be classified according to sequence similarity [28] . Second, whereas the 132 cyanobacterial-derived genes in Cyanophora appear to exist primarily in single copies, there is evidence for two rounds of whole-genome duplication during the early evolution of angiosperms [29] as well as rampant gene duplications in Arabidopsis [30] . The first genome duplication likely occurred near the Jurassic-Cretaceous boundary (circa 145 million years ago), whereas the second occurred after the monocotdicot divergence (circa 66-109 million years ago [29] ). These events, followed by sequence divergence among surviving gene family members, could significantly inflate the estimate for plastid-derived EGT in Arabidopsis. Addressing the potential impact on plastid-derived EGT of more ancient Plantae genome duplications that occurred hundreds of millions of years ago will be a far more challenging issue. If, however, gene duplications did not significantly alter the size of the core set of cyanobacterial genes that was established prior to the divergence of the Plantae lineages (e.g., circa 1.4 billion years ago for the split of red and green algae [1] ), then approximately 1,500 plastid-derived genes were present in the common ancestors of the red, green, and glaucophyte algae. Assuming that Martin et al.'s [11] results are correct, then significant increases in the cyanobacterial gene set and their recruitment for nonplastid functions likely occurred sometime during plant evolution, a hypothesis that can be tested by studying earlier-diverging ''green'' lineages such as multicellular charophyte algae and bryophytes.
Another finding of our study is that the captured plastid endosymbiont apparently provided far fewer genes involved in nonplastid functions in Cyanophora than has been postulated (50% [11] ) for Arabidopsis. We find only 12/132 (9.1%) of the confirmed cyanobacterial genes in this category in Cyanophora. This result is critical because understanding ancient EGT addresses more generally the propensity of eukaryotes to incorporate foreign genes into their genomes. EGT is a special case of horizontal gene transfer, with the critical difference that the foreign genes are resident for a protracted period of time in the host cell. If our results are accurate, then the most obvious pool of prokaryotic genes was only minimally tapped for its genetic resources in Cyanophora. This again suggests that significant differences exist in different Plantae in the history of diversification, recruitment, and loss of cyanobacterial genes of endosymbiotic origin that are not involved in plastid functions. The amplification of genes of cyanobacterial origin in plants through genome or repeated gene duplications would invariably provide a fertile source of innovation to evolve plastid-independent functions. Such forces likely account (at least partially) for the differences we have observed in the number of non-plastidtargeted proteins of cyanobacterial origin in algae in contrast to their morphologically complex plant sisters.
Plastid establishment provided eukaryotes with oxygenic photosynthesis and a cellular compartment for other key functions such as fatty-acid, isoprenoid, and amino acid biosynthesis. However, the incorporation of cyanobacterial genes into the host metabolism is apparently dissimilar among Plantae lineages and remains to be systematically studied in other members of this group. It is clear that comparison of three distantly related genomes (a unicellular mesophile [Cyanophora] , an extremophile [Cyanidioschyzon] , and an angiosperm [Arabidopsis]) is not sufficient to understand fully the extent of ancient plastid-derived EGT and its role in the rise of the first photosynthetic eukaryotes. Complete genome sequences from a number of mesophilic, nonpicoeukaryotic, early-diverging Plantae (e.g., bangiophyte-red and prasinophyte-green algae) will be required for this purpose in addition to a complete genome sequence from Cyanophora and other glaucophytes.
Experimental Procedures cDNA Library Construction
Total RNA from a culture of Cyanophora paradoxa Pringsheim strain (CCMP329) was extracted by using Trizol (GibcoBRL) and the mRNA purified was by using the Oligotex mRNA Midi Kit (Qiagen). Starter and normalized cDNA libraries were constructed according to Bonaldo et al. [31] . The cDNA clones were sequenced from the 3 0 end. Clustering of the 11,176 clones into 3,576 nonredundant sets was performed with the program UIcluster2 [32] . All C. paradoxa EST sequences have been deposited in the dbEST database of GenBank.
Phylogenomic Analysis
The EST data were used as input for the phylogenomics approach (for details, see [20, 33] ) with the PhyloGenie package of computer programs [34] . PhyloGenie is used for ''high-throughput'' phylogenetic reconstruction with an automated pipeline in which BLAST searches, extraction of homologous sequences from the BLAST results, generation of protein alignments, phylogenetic-tree reconstruction, and bootstrap support values for individual phylogenies are rapidly calculated. The fast but less robust neighbor-joining method is implemented in PhyloGenie; therefore all candidate trees were subsequently studied with the maximum-likelihood method to verify the results. The local database included 17 completed cyanobacterial genomes or a collection of cyanobacterial, other bacterial, and eukaryotic genomes (see Table S1 ).
Detailed Phylogenetic Analysis
For all data sets of interest, a single-protein phylogeny was reconstructed under maximum likelihood (ML) by using the PHYML V2.4.3 computer program [35] with the JTT + I + G evolutionary model and tree optimization. The a value for the G distribution was calculated by using four rate categories. To assess the stability of monophyletic groups in the ML trees, we calculated PHYML bootstrap (100 replicates) support values [36] . The phylogenetic analyses identified 132 genes of cyanobacterial origin in Cyanophora (see Table S2 ).
Analysis of Plastid Targeting in Cyanophora Proteins
To assess the probability of plastid targeting for the 132 cyanobacterial-derived proteins in Cyanophora, we generated bioinformatics predictions for each protein with the Predotar V1.03 [21] and TargetP V1.1 [22] servers. The results of this analysis using the default values for each program are shown in Table S2 .
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